We present microwave and infrared measurements on SmLa 0.8 Sr 0.2 CuO 42d , which are direct evidence for the existence of a transverse optical plasma mode, observed as a peak in the c-axis optical conductivity. This mode appears as a consequence of the existence of two different intrinsic Josephson couplings between the CuO 2 layers, one with a Sm 2 O 2 block layer, and the other one with a ͑La, Sr͒ 2 O 22d block layer. From the frequencies and the intensities of the collective modes we determine the value of the compressibility of the two dimensional electron fluid in the copper oxygen planes.
In 1966 Leggett predicted for superconductors with two bands of charge carriers a collective oscillation corresponding to small fluctuations of the relative phases of the two condensates, briefly indicated as excitons below the superconducting gap [1] . In principle these excitons should be observable with electromagnetic radiation, but in practice the effect on the infrared optical properties of most superconducting materials has been too small to be observable, except for, as we will demonstrate in the present paper, the bilayer cuprate superconductors. The cuprate high temperature superconductors naturally form weakly coupled stacks of superconducting layers [2] . Some members of this family, e.g., Bi 2 Sr 2 CaCu 2 O 8 , have two superconducting layers per unit cell. These materials are realizations of a two-band superconductor, satisfying the following unique conditions: (i) For polarization of the electric field perpendicular to the conducting planes the metallic screening is very weak due to strong anisotropy of the static and dynamical electrical conductivity. (ii) The dipole selection rules allow optical transitions which resonate at the Josephson exciton energy.
In Ref. [3] two of us (D. v. d. M. and A. A. T.) calculated the dielectric function for cuprate superconductors with two CuO 2 planes per unit cell, using the Lawrence-Doniach model [2] with alternating coupling constants (the "multilayer model"). A direct consequence was the presence of a transverse optical plasma mode, polarized perpendicular to the planes for propagation along the planes. Similar to a transverse optical phonon, and in contrast to the transverse Josephson plasma resonance (JPR) in single layer cuprates, this mode is observable as an optically allowed absorption in measurements of the optical conductivity. In Fig. 1 the currents and charge oscillations of these modes are sketched. Recently the unusual "bump" in the c-axis conductivity of YBCO [4, 5] and Bi2212 [6] , has been attributed to such a mode. However, due to the close proximity to the optical phonons it was not possible to separate these electronic collective modes from the optical lattice vibrations [5] , which complicates the quantitative analysis of this interesting phenomenon.
Both in the two-band exciton model and in the multilayer model the collective modes are oscillations of the relative phase of the two condensates, the inertia of which is due to the finite Josephson coupling between the two condensates. In Ref. [1] the restoring force was provided by the fact, that if dN electrons are added to a plane, the free energy increases with an amount dF mdN 1 dN 2 ͑͞2Kn 2 ͒. Here m, K, and n are the chemical potential, the electronic compressibility, and the electron density, respectively. For a Fermi-liquid, Kn 2 ≠N͞≠m corresponds to density of states at the Fermi level. In neutral fluids the compressibility causes propagation of sound, whereas for electrons it causes the dispersion of plasmons. On the other hand, in Ref. [3] the restoring force is provided by the long range Coulomb interaction between each set of planes. Recently, this model was extended by taking into account the compressibility [7] . Dispersion of the JPR in the cuprates due to the compressibility term has been previously described by Koyama and Tachiki [8] .
SmLa 0.8 Sr 0.2 CuO 42d forms the T ‫ء‬ structure, with superconducting planes alternatingly separated by two types of blocking layers, a fluorite-type layer of Sm 2 O 2 (T 0 type) and a rocksalt-type ͑La, Sr͒ 2 O 22d (T type) block layer. The lattice parameter is 12.57 Å, and the distances between CuO 2 layers across the SmO and the LaO barriers are 6.13 Å, and 6.43 Å, respectively [9] . Because the coupling across both blocking layers is weak, the Josephson plasma resonances are well below the optical phonon frequencies, allowing a clean separation between the lattice vibrations and the electronic modes. Recently two longitudinal Josephson plasma resonances have been observed [10] in embedded powder samples of this material using the far-infrared sphere resonance method, but the transverse optical plasma mode could not be detected.
In this Letter, we present infrared optical spectra of single crystal SmLa 0.8 Sr 0.2 CuO 42d . We observed the transverse optical plasma mode and the two longitudinal Josephson plasma resonances. The influence of the compressibility on the intensity and the frequency of the observed resonances is large, a characteristic which these collective modes have in common with the two-band excitons predicted in 1966 [1] . Using a quantitative analysis of the intensities and peak positions of the three collective modes, we extract the values of the intrinsic Josephson coupling constants and the compressibility of the two dimensional charge fluid in the planes.
The single crystals of SmLa 0.8 Sr 0.2 CuO 42d were grown at the University of Amsterdam using a four mirror image furnace. They were annealed at 900 ± C for 24 h to homogenize the strontium concentration. The crystal was cut into several slabs for the various experiments, and then annealed in a high pressure oxygen furnace at the University of British Columbia. The samples were slow cooled (1 ± C͞h) from 500 to 350 ± C at 80 bars oxygen pressure, held at 350 ± C for 48 h and then quenched by opening the furnace. The large crystal faces (containing the c axis) were polished to an optical finish using diamond polishing pads. The magnetization, as measured in a field of 2 Oe with H parallel to c, gave a midpoint T c of about 16 K with a transition width of 62 K.
Three types of experiments were performed: (a) polarized reflection measurements using a Fourier transform spectrometer in the frequency range between 12 and 1000 cm 21 , and the temperature range from 4 to 300 K; in situ evaporated gold films were used as a reference; (b) polarized transmission measurements in the frequency range from 4 to 20 cm 21 using a Mach-Zehnder interferometer arrangement [11] , which allows measurements of both transmission and phase shift (from the Fresnel formulas, the absolute values of the complex dielectric function can be determined directly from the measurements); and (c) microwave cavity perturbation measurements at 1, 25, and 39 GHz. For (a), the dimensions of the sample were 0.7 mm 3 5 mm 3 6 mm for the a, b, and c directions, respectively. For (b), the a dimension was 110 mm, and for (c) the a dimensions were between 38 and 56 mm.
In Fig. 2 we show the c-axis reflectivity spectra of SmLa 0.8 Sr 0.2 CuO 42d above and below Tc, in the frequency range from 13 700 cm 21 . In the inset of Fig. 2 the frequency region from 13 50 cm 21 has been shown in more detail. In this region the sample has become relatively transparent, and one can see interferences from the copper block at the back side of the sample. These Fabry-Perot interferences are absent from the mm-wave experiments, due to the fact that we used much thinner samples in that case. The important conclusion is that there is almost no temperature dependence of the spectra in the 13 700 cm 21 frequency region. We measured transmission and phase shift data in the frequency region from 4 20 cm 21 , for various temperatures. The corresponding optical properties are obtained directly by the use of the Fresnel formulas and the relation between the dielectric function and optical conductivity: e 4pis͞v. The real part of the optical conductivity, the real part of the dielectric function, and the loss function Im͑21͞e͒ are shown in Figs. 3(a), 3(b) , and 3(c), respectively. In Ref. [3] the dielectric function has been derived for a material with two superconducting layers per unit cell. The crystal was treated as a stack of superconducting layers of infinitesimal thickness, with two different Josephson coupling constants J and K, distances between the neighboring planes x I d and x K d, x I 1 x K 1, and d is the lattice constant along the c direction. The total dielectric function was shown to be of the form
(1) Here the average background dielectric constant is e s av ͑x I ͞e s I 1 x K ͞e s K ͒ 21 , and e s m , v m , and g m are the local background dielectric constants, the screened Josephson plasma frequencies, and the quasiparticle damping characterizing the two types of junctions. Ree͑v͒ has two zero crossings corresponding to the two longitudinal plasmons, and a pole at the transverse optical plasma frequency. The transverse and the longitudinal plasma resonances show up as peaks in the optical conductivity and the loss function, respectively. The transverse optical plasma fre-
, and its inverse lifetime g T z I g K 1z K g I are fixed by the values of v I , v K , g I , g K , and the weight factorsz K 1 2z I , which are a function of the relative volume fractions, the local dielectric functions, and the compressibility which we will discuss below.
The two longitudinal plasma frequencies can be read directly from the peak positions in the loss function, providing v I ͞2pc 7 cm 21 and v K ͞2pc 12.6 cm 21 . The background dielectric constant is obtained by analyzing the reflectivity spectra of Fig. 2 , providing e s av 23.0 6 0.5. The intensities of the two peaks in the loss function or, more accurately, the intensity of the peak in s at v T , provide the weight factorz K : R s peak ͑v͒ dv z KzI e s av ͑v 2 K 2 v 2 I ͒͞v 2 T . In this way we obtainz K 0.04 6 0.005 andz I 0.96 6 0.005. In Fig. 4 we show the theoretical spectra of the conductivity, the real part of the dielectric function, and the loss function using these parameters together with the experimental spectra at 4 K. The damping factors were adjusted to the experimental linewidth of the loss peaks, g I ͞2pc g K ͞2pc 0.5 cm 21 .
From the microwave data we have obtained an absolute measurement [12] of the c-axis penetration depth, which is 45 mm at 3 K. The penetration depth is l c lim v!0 c͓͞v Im p e͑v͔͒, which in the framework of Eq. (1) is e s av l 2 c ͞c 2 z I v 22
With the experimental values forz I , v I , and v K determined above, this provides l c 47 mm, in excellent agreement with the microwave results. In Fig. 5 the separate temperature dependencies of l c , l c,J , and l c,K are given in the normalized form l 2 c ͑3K͒͞l 2 c ͑T ͒; l c is obtained from a 1 GHz cavity perturbation measurement, and l c,J c͑͞ p e I v I ͒, l c,K c͑͞ p e K v K ͒ from the transmission measurement.
